Despite the large number of the outstanding researches, pathogenesis of osteonecrosis remains unknown. During the last decades the hypothesis that increased intravascular coagulation may be the pathogenetic mechanism which leads to osteonecrosis is gaining constantly support. Both primary factors of hypercoagulability, such as resistance to activated protein C, protein C and protein S deficiency, low levels of tissue plasminogen activator, high levels of plasminogen activator inhibitor, von Willebrand factor, lipoprotein (a), and secondary factors of hypercoagulability with factors potentially activating intravascular coagulation, such as pregnancy, antiphospholipid antibodies, systemic lupus erythematosus, hemoglobinopathies and sickle cell disease, and hemato-oncologic diseases are discussed in this article. Although coagulation abnormalities in patients with hip osteonecrosis might represent increased risk factors for the development of bone necrosis by predisposing the patient to thromboembolic phenomena, further investigation is needed to indicate the definite correlation between factors leading to increased intravascular coagulation and pathogenesis of osteonecrosis.
Introduction
Osteonecrosis (ON) of the femoral head is a devastating clinical entity characterized primarily by bone ischemia. Necrosis of the subchondral bone gradually results in mechanical deficiency and eventually in degeneration of the hip joint ( Figure 1 ). First publications regarding ON of the femoral head were conducted by Koning and Twynman in 1888. 1, 2 The following years many investigators studied extensively the pathophysiology of the disease.
Despite numerous studies that have been conducted during the years, the pathogenetic mechanism which is responsible for ON of the femoral head still remains obscure.
The first non traumatic ON of the femoral head, in a patient with coagulation disorders, was reported in 1965 by Hamilton. 3 Few years later, both Boettcher et al. 4 and Bonfiglio 5 published new data which was in agreement with Hamilton's observation. In 1974, Jones et al. 6 hypothesized that intravascular coagulation and thrombosis consist the final common mechanism which results in ON (Figure 2 ). Through the years, this theory has gained support by a number of studies which have indicated increased thrombophilia and hypofibrinolysis in the majority of patients with ON.
Primary factors of hypercoagulability
Conditions predisposing to increased intravascular coagulation may be either primary, if a subjective pathogenetic factor is not identified, or secondary if are enlisted in the frame of a systematic disorder ( Figure 3 ).
Protein C and protein S deficiency, activated protein C resistance
Protein C is synthesized in the liver and binds to protein thrombomodulin, an endothelial cell surface protein. Being converted to an active protease by thrombin, activated protein C, in conjunction with protein S, proteolyses factors Va and VIIIa, inhibiting fibrin formation. Protein C and protein S deficiency is an inherited disorder with autosomal dominant trait. 7 Heterozygous protein C deficiency has been associated with recurrent episodes of thrombophlebitis or/and pulmonary thromboembolism. Homozygous protein C deficiency causes extended thromboembolic events. Hereditary partial or complete protein S deficiency has also been associated with increased tendency for venous thrombosis. 8 Activated protein C resistance (APCR) was first reported by Dahlback et al. in 1993. 9 This type of disorder is caused by a mutation of the gene encoding factor V. An arginine to glutamine substitution in one of the protein's cleavage sites leads to synthesis of a structurally abnormal factor V, known as factor V Leiden. Factor V Leiden is resistant to inactivation by activated protein C. 10 APCR is now recognized as the most common cause of venous thrombosis. 11 In a study of 216 patients with ON of the femoral head, Korompilias et al. 12 reported presence of APCR in 50% of patients, increased levels of Lipoprotein (a) [Lp(a)] in 27.3% of patients, and protein C deficiency in 4.6% of patients. In the same study, anticardiolipin antibodies (aCLA) and lupus anticoagulants (LA) were present in 26% and 2.3%, respectively. Hereditary protein C and protein S deficiency, as well as APCR may lead to hypercoagulability. The presence of these disorders in a relatively high number of patients with ON of the femoral head enforces the hypothesis that increased intravascular coagulation may be the pathogenetic mechanism that results to bone necrosis.
It has been showed that mutation of factor V Leiden is important factor in the pathogenesis of osteonecrosis of the femoral head in childhood (Legg-Calvé-Perthes disease), a clinical entity of unknown origin which is considered as idiopathic form of osteonecrosis. 13 In Brazilian population, hetrozygosity for factor V Leiden was the only inherited risk factor for the development of Perthes disease.
14 Clinical course of the disease is related to the factor V Leiden mutation. However, this genetic defect is not necessarily enough to cause the disease. It seems that other precipitating factors are required to provoke the entire process. Furthermore, Kechli et al. 15 found no association between osteonecrosis of the femoral head in childhood and for factor V Leiden or other hypercoagulable state mutations during or after treatment for paediatric malignancy. destruction of the balance between intravascular coagulation and fibrinolysis leading to hypofibrinolysis. 16 The relationship between factors participating in the coagulation cascade and pathogenesis of ON has been extensively investigated. Glueck et al. 17 reported disorders in coagulation factors in 87% of patients with ON of the femoral head (12 patients with idiopathic ON, 18 patients with secondary ON). Nine of 12 patients (75%) with idiopathic ON had high levels of PAI and low levels of tPA, whereas 3 of the 12 patients (25%) with idiopathic ON and 4 of the 18 patients (22%) with secondary ON had high levels of Lp(a). In another study, in 74% of patients with ON one or more disorders in coagulation factors were found, such as protein C deficiency, APCR, low levels of tPA, and high levels Lp(a). 18 Coagulation disorders, including high levels of PAI, were also reported in a study of 59 patients with ON. 19 In a recently published study of Tan et al., 20 low levels of tPA and high levels of PAI were found in 10 patients with osteonecrosis of the femoral head, indicating hypofibrinolysis as a cause for osteonecrosis.
Von Willebrand Factor
Von Willebrand Factor (VWF) is a protein, which is synthesized and stored in endothelial cells. The role of VWF is to facilitate platelet adhesion and to transport factor VIII. Under pathological high levels of VWF platelets aggregation may increase unconscionably leading to thrombotic events. 21, 22 Zalavras et al. 8 studied 68 patients with non-traumatic ON of the femoral head. In their series there were included 17 patients with idiopathic ON and 51 patients with secondary ON. Coagulation factors disorders were present in 58.9% of patients with idiopathic ON and in 62.7% patients with secondary ON. Interestingly, this was the first reported association of high levels of VWF with ON, as 23.5% of idiopathic and 23.5% of secondary ON patients had high levels of VWF.
In another study of patients with osteonecrosis or Legg-Calvé-Perthes disease haemostatic disturbances were retrospectively analyzed. 13 Among other findings, in LeggCalve´-Perthes patients a lower plasmatic VWF antigen level was detected compared with healthy controls.
Lipoprotein a
Lp(a) is a low-density lipoprotein, which consists of a lipid core, an apolipoprotein b [apo(b)], and an apolipoprotein a [apo(a)]. 23 Apo(a) has a strong structural resemblance with plasminogen. Due to its extensive homology with plasminogen, apo(a) binds to the lysine sites available for plasminogen at the surface of fibrin. By this mechanism apo(a) inhibits the conjunction of plasminogen and tPA at the surface of fibrin disordering the fibrinolytic system. In a recent study, Hirata et al. 24 revealed a significant relationship between ON and the low molecular weight form of apo(a).
Published data suggest that high levels of Lp(a) may cause hypofibrinolysis, thrombogenesis, and atherogenesis, 25 which may play a distinct role in the pathogenesis of bone necrosis. High levels of Lp(a) may cause thrombotic venous occlusion, which in turns may result in intramedullary hypertension, reduced arterial perfusion, and finally ON. 17 On the other hand, according to Mont and colleagues, 26 difference between elevated Lp(a) levels in 31 lupus patients that developed ON and 72 healthy individuals was statistically insignificant. This is in agreement with Jone's et al. 27 observations who studied the presence of thrombophilia and decreased fibrinolysis in 45 patients with ON. When these patients compared to 40 control patients, the authors showed statistically insignificant difference in serum levels of Lp(a) between the 2 groups. However, Hirata et al. 24 did not find relationship between plasma levels of Lp(a) and the development of ON. The same authors showed that apo(a) phenotype is a risk factor of corticosteroid-induced ON of the femoral head after renal transplant. 24 Thus, preoperative analysis of apo(a) phenotype may be an important predictor for the development of ON after treatment, while Lp(a) may be used as an useful marker for the disease. 28 
Homocystinuria
Homocystinuria is the result of an enzymatic deficiency in methionine metabolism. Enzymatic defects can be either primary or a result of defects in the cytosolic metabolism of cobolamin. 29, 30 Patients homozygous for homocystinuria may develop life-threatening thromboembolic events before the age of 30. Thrombotic episodes associate with homocystinuria include deep-vein thrombosis, pulmonary embolism, and arterial thrombosis. 29, [31] [32] [33] Osteonecrosis can also develop as a result of homocystinuria associated hypercoagulability.
Thrombosis, venous, arterial, or both, is not always present in patients homozygous for homocystinuria. It has been shown that one reason for the variability of thrombosis in patients with homocystinuria is the presence or absence of factor V Leiden. 34 Therefore, it can be suggested that in patients with homocystinuria additional contributing factors may be needed for osteonecrosis to occur.
Secondary factors of hypercoagulability
Antiphospholipid antibodiesantiphospholipid syndrome LA and aCLA antibodies, as well as antibodies causing false positive tests for syphilis, belong to a family known as antiphospholipid antibodies. They are active against negatively charged phospholipids and have been associated with an increased tendency for thrombot- ic phenomena. 35, 36 Platelet membranes, endothelial cells, and proteins of the coagulation cascade, such as prothrombin, protein C, and protein S are considered to be possible targets of antiphospholipid antibodies. 35, 37 The morbid condition, which is characterized by arterial and venous thrombosis or morbidity during pregnancy in the presence of antiphospholipid antibodies is defined as antiphospholipid syndrome. 38 Antiphospholipid syndrome is classified as primary, when occurs in the absence of any other underlying disease and secondary, when occurs in the presence of systemic lupus erythematosus (SLE) or other lupuslike disease. 39 Antiphospholipid antibodies are active against vessels of all sizes, such as the aortic arch, coronary, retinal and peripheral arteries, pulmonary, cerebral and small skin vessels, leading to thromboembolic events. 39, 40 In such cases, ON may be explained by bone ischemia due to arterial or venous microthrombosis caused by the presence of antiphospholipid antibodies.
Review
The association of aCLA with osteonecrosis in SLE patients have been demonstrated in several studies. 26, 41, 42 Mont et al. 26 using logistic regression analysis, proved that in patients with SLE and osteonecrosis IgG aCLA levels were independently and positively associated with ON. Moreover, osteonecrosis has been reported as the first manifestation in 3 patients with antiphospholipid syndrome, 43 while in others has been associated with aCLA without any features of antiphospholipid syndrome. 41 Asherson et al. 44 described 5 patients with secondary antiphospholipid syndrome and corticosteroid administration who presented ON. Few years later, it was the same investigator who documented 2 patients with primary antiphospholipid syndrome (APLS) who developed ON of the femoral head in the absence of previous corticosteroid therapy. 43 The hypothesis that antiphospholipid syndrome is associated with the development of ON was established after numerous studies. [45] [46] [47] In 1997, a study was conducted in 40 patients (25 men, 15 women) with non traumatic ON of the femoral head in order to investigate pathologic levels of anticardiolipin antibodies. 41 Fifteen of 40 patients (37.5%) had low or mediate levels of aCLA. More specifically, 6 patients had elevated levels of IgM, 6 patients had elevated levels of IgA, whereas 3 patients had elevated levels of both IgM and IgA. The correlation between aCLA and ON of the femoral head was also demonstrated in patients with HIV disease. 48 
Corticosteroids
Corticosteroids are one of the most common and best studied predisposing factors of ON. Dosages associated with ON are >2 gr prednisone or its equivalents, within a period of 2-3 months. After corticosteroid therapy the risk period for the development of ON of the femoral head ranges from 3 to 12 months. 49 The reported incidence of ON after kidney transplantation ranges from 3-16%. 50, 51 Corticosteroids play an important role in ON of femoral head in kidney allograft recipients. However, it has been found that factor V Leiden and prothrombin gene mutations are also of paramount importance for the development of ON in these patients. 52 Moreover, lower steroid administration under ciclosporin A treatment may be the reason of the decreased incidence of ON in this group of patients. 53 In a study of 287 renal transplant recipients, Inoue et al. 54 found no relation between ON of the femoral head and total oral dosage, maximum oral dosage, and pulsed dosage of steroids. However, they showed that lower average daily oral dosage is an important factor for reducing ON development in renal transplant patients. Thus, reducing the oral steroid dosages after renal transplantation may reduce the occurrence of ON. On the other hand, the use of other immunosuppressive medication other than steroids in order to avoid ON is still controversial due to a higher risk of ON in patients under ciclosporin A or tacrolimus. 55, 56 
Systemic lupus erythematosus
The development of ON in patients with SLE was first reported by Dubois in 1960. 57 Numerous studies indicating the correlation between ON and SLE followed ever since. [58] [59] [60] However, it has not been clarified yet if ON is a direct result of the disease or is caused by underlying factors, such as corticosteroid therapy 57, 58, 61 or presence of antiphospholipid antibodies. 45, 62 The incidence of corticosteroid usage and SLE on the development of ON of the femoral head was studied in 30 rabbits. 49 For this reason, lupus-like disease was caused in 20 rabbits. Ten of them were treated with high dosages of prednisolone. Ten healthy rabbits were also treated with high dosages of corticosteroids. The study indicated the presence of characteristic changes of ON in the femoral head of the rabbits, which had a lupuslike disease and were treated with high dosages of prednisolone. The most common features were the extravasation of red blood cells into the marrow, the bone marrow edema, the marrow necrosis and the thrombus formation in veins, small arteries, and arterioles of the metaphysis and diaphysis and in extraosseus vessels of the metaphysis of rabbits' femur. The immunologic reaction in patients with SLE in combination with the effects of corticosteroids may be predisposing factors, which potentiate these thrombotic events.
Pregnancy
Osteonecrosis of the femoral head is an uncommon complication of pregnancy. 63, 64 The symptoms usually begin during the third trimester or immediate postpartum period. Increased intramedullary pressure due to impaired venous drainage has been proposed as a potential mechanism. 65 Hypercoagulability occurs during pregnancy because of depression of fibrinolytic system, proteins C, S and antithrombin III deficiencies, high levels of PAI and hyperlipemia. These disorders can be potentiated by a bacterial or viral infection leading to thrombotic phenomena. Further more, complications of pregnancy, such as preeclampsia, eclampsia, and fatty liver of pregnancy may cause the entrance of placental tissue factor, amniotic fluid or embolic lipids in the maternal circulation, triggering the coagulation system and leading to hypercoagulability, 66 which in turn may result in ON of the femoral head.
Hemoglobinopathies
Hemoglobinopathies are also considered as a predisposing factor of ON of the femoral head. Patients with hemoglobin SS genotype and a-thalassemia are at highest risk to develop ON. 67, 68 Francis 69 reported increased intravascular coagulation in patients with sickle cell disease, because of increased platelet activity, thrombin synthesis and fibrin formation, and decreased activity of fibrinolytic system. Kucuk et al. 70 reported the presence of antiphospholipid antibodies in patients with sickle cell disease. In these patients bilateral hip involvement is a common finding. Thus, screening of the asymptomatic hip should be performed on a regular basis. Hernigou et al. 71 recommended screening of the asymptomatic hip at 6 months intervals especially in patients with large volume of ON and collapse of the contralateral hip.
In a recent study, evaluation of the physical history of asymptomatic ON of the femoral head in 121 patients with sickle cell disease and symptomatic ON to the contralateral hip was performed. 71 One hundred and ten (91%) previously asymptomatic patients developed hip pain, while collapse occurred in 93 hips (77%). According to the data of this study, clinical progression of ON in patients with sickle cell disease is more frequent and more rapid than in ON due to other causes. Moreover, considering the fact that most of the asymptomatic hips collapsed three years, the authors suggested that a prophylactic surgical procedure should be considered in order to retard the progression of the disease. 71 
Hemato-oncologic diseases
ON is an uncommon, long-term complica- tion of hemato-oncologic diseases, such as multiple myeloma, 72, 73 acute lympoblastic leukemia (ALL), [74] [75] [76] and chronic myelogenous leukaemia (CML). 76, 77 Recently, Talamo et al. 72 found high incidence of ON in patients treated for multiple myeloma. Cumulative dexomethasone dose, male sex, and younger age were found to be predisposing factors of ON among these patients. In another study ON was presented as a complication during treatment of ALL with corticosteroids. 75 The overall 5-year cumulative incidence for ON was 1.8%.
Hypercoagulability is considered to play a main role in CML-induced ON. 78 CML leads to leukostasis, which is characterised by occlusion of microcirculation by aggregation of leukemic cells and thrombi. 79 Microcirculatory obstruction of the femoral head is probably the underlying pathology for the development of ON in these patients.
Caisson disease
Caisson disease is considered as another predisposing factor of ON of the femoral head. 80 Hypercoagulability has been reported in patients with hyperbaric exposure, as fibrinogen, platelets, and lipid aggregate at the blood-bubble interface. This aggregation in combination with low antithrombin III activity and increased synthesis of fibrin leads to increased intravascular coagulation, which in turn may result in ON.
The incidence of ON in 4980 British professional divers was found to be as high as 4.2%. 81 However, in that study only conventional radiographs were used. In a recent controlled study, Bolte et al. 82 using magnetic resonance imaging examined 32 military divers and 28 non-divers. They found no higher prevalence of ON in military divers than in non-divers. This finding was attributed to increased medical controls, improved physical fitness, and decompression procedures followed by experience military divers.
Conclusions
Although many questions regarding the pathogenesis of ON are still unanswered, a great number of published series are in favour of the theory of increased intravascular coagulation. The systematic study of the above predisposing factors regarding the increased intravascular coagulation and the consequent ischemic damages within the femoral head may help to understand pathogenesis of ON.
